Sea urchin eggs and early cleavage stage embryos provide an example of regulated gene expression at the level of translation. The availability of the sea urchin genome offers the opportunity to investigate the "translational control" toolkit of this model system. The annotation of the genome reveals that most of the factors implicated in translational control are encoded by nonredundant genes in echinoderm, an advantage for future functional studies. In this paper, we focus on translation factors that have been shown or suggested to play crucial role in cell cycle and development of sea urchin embryos. Addressing the cap-binding translational control, three closely related eIF4E genes (class I, II, III) are present, whereas its repressor 4E-BP and its activator eIF4G are both encoded by one gene. Analysis of the class III eIF4E proteins in various phyla shows an echinoderm-specific amino acid substitution. Furthermore, an interaction site between eIF4G and poly(A)-binding protein is uncovered in the sea urchin eIF4G proteins and is conserved in metazoan evolution. In silico screening of the sea urchin genome has uncovered potential new regulators of eIF4E sharing the common eIF4E recognition motif. Taking together, these data provide new insights regarding the strong requirement of cap-dependent translation following fertilization. The genome analysis gives insights on the complexity of eEF1B structure and motifs of functional relevance, involved in the translational control of gene expression at the level of elongation. Finally, because deregulation of translation process can lead to diseases and tumor formation in humans, the sea urchin orthologs of human genes implicated in human diseases and signaling pathways regulating translation were also discussed.
Introduction mRNA translation, which has been considered for a long time as a "housekeeping" mechanism, is now recognized as a crucial regulatory step for gene expression in different physiological processes including development and cell cycle (Mathews et al., 2000; Wickens et al., 2000; Cormier et al., 2003; Le Breton et al., 2005) . Early embryogenesis is highly dependent on translational regulatory cascades (Richter, 2000; Vasudevan et al., 2006) . Although sea urchin eggs apparently contain all the necessary components for translation activity (Davidson et al., 1982) , protein synthesis is low in unfertilized eggs and is stimulated rapidly following fertilization. This dramatic rise in protein synthesis is independent of mRNA transcription and ribosome biogenesis (Epel, 1967; Brandhorst, 1976) . Therefore, sea urchin eggs and embryos provide an example of regulated gene expression that does not follow the classical theme of transcriptional control.
Furthermore, sea urchin eggs and embryos represent an elegant system to investigate the relationships between translational regulation and cell division during embryonic development. Unfertilized sea urchin eggs are arrested after completion of the meiotic divisions at the G1 stage. Fertilization triggers entry into S-phase and completion of the first mitotic division of the embryonic development. De novo protein synthesis is dispensable for progression through S-phase but is required for the onset of the M-phase and subsequent embryonic cell cycles (Wagenaar, 1983; Dube, 1988) . During early development stage, the cleavages of sea urchin are highly synchronized and synchronization is achieved naturally. In eukaryotes, the onset of mitosis is under the control of a heterodimeric complex composed of a cyclin-dependent kinase (CDK1) and a B-type cyclin (Nigg, 2001; O'Farrell, 2001; Fernandez-Guerra et al., this issue) . The mitotic cyclins A and B were first discovered in sea urchin as key proteins which are synthesized and degraded during the M-phase of each cell cycle (Evans et al., 1983) . The sea urchin genome project offers opportunity to obtain new insights into the translational regulation mechanisms. We focus on translational factors that have been already shown or suggested to play crucial role in proper cell cycle and development of sea urchin embryos.
Translation is a multistep and multifactorial pathway that can be regulated at many levels ( Fig. 1) . Translation rates are primarily regulated at the initiation level, a complicated process involving a large number of initiation factors (Hershey and Merrick, 2000 ; see Table 1 ). Among them, the eIF4 (eukaryotic initiation factor 4) group, a prime target for regulation Richter and Sonenberg, 2005) , participates to the control of the translational activity dependent of the m 7 GTP cap of the mRNA and plays an important role for cell cycle regulation following sea urchin fertilization Salaun et al., 2003 Salaun et al., , 2005 . Several physiological conditions are associated to an inhibition of cap-dependent translation, such as stress, hypoxia, mitosis or apoptosis. An alternative translation, involving the direct entry of the ribosome at the vicinity of the start codon through an IRES (Internal Ribosome Entry Site), can overcome the general inhibition of translation by allowing synthesis of specific mRNAs (review in Holcik and Sonenberg, 2005; Le Breton et al., 2005) . In sea urchin embryos, selective ribosomal recruitment of mRNAs occurs at mitosis, by a yet undetermined mechanism (Le . Although less investigated, a regulation of protein synthesis at the level of the elongation step was shown to be critical (Traugh, 2001; Browne and Proud, 2002; Le Sourd et al., 2006a) and was indeed reported to play a role during the first mitotic division following fertilization of sea urchin eggs (Monnier et al., 2001; Boulben et al., 2003) . Translation termination is a potential regulatory step of gene expression (Welch et al., 2000) , translation factors implicated in this process were also identified from the sea urchin genome. Translational regulation frequently involves the interaction between translation factors and interactors or the phosphorylation status of translational components. We therefore discussed these different interactors and the main kinases known to modulate the translational rate in physiological conditions and identified from the sea urchin genome project.
Materials and methods
The Strongylocentrotus purpuratus protein prediction set (GLEAN3) was made available at the Human Genome Sequencing Center at Baylor College of Medicine (HGSC-BCM, http://www.hgsc.bcm.tmc.edu/blast/) and searched by BLASTP (Altschul et al., 1990 ) using the known translation factors proteins, retrieved from the Swissprot or NCBI server. When no or partial sea urchin homolog was found in the GLEAN3 prediction set, the genome database (Whole Genome Shotgun, at HGSC-BCM) and EST databases (NCBI) were searched by TBLASTN. The identification of the sea urchin protein was based on the best score and confirmed by reciprocal blast on the NCBI databases. The predicted proteins were analyzed using the precomputed information in the sea urchin annotation and the GENBOREE tools available at the Human Genome Sequencing Center at Baylor College of Medicine. Expression in the embryo of the annotated sequences was assessed from the tiling array database (Samanta et al., this issue) made available in the GENBOREE tool.
The putative proteins were aligned with homologs from different species, retrieved from NCBI databases or from genome-specific databases (Nematostella vectensis at http://www.stellabase.org/ (Sullivan et al., 2006) ; Ciona intestinalis at http://genome.jgi-psf.org/Cioin2/; Caenorhabditis elegans at http://www. wormbase.org). Multiple alignments were done using ClustalW (Thompson et al., 1994) . Phylogenetic tree were produced using neighbor joining methods using PhyloWin (Galtier et al., 1996) or MEGA 3.1 (Kumar et al., 2004) .
The proteins containing a putative eIF4E-binding motif (Mader et al., 1995) were searched by screening the sea urchin predicted proteins sequences (GLEAN3 set) with [RK]-x(2)-Y-x(4)-L-[MLIVFWY] pattern using ScanProsite (Gattiker et al., 2002) . The hits sequences were queried against Uniprot database with BLAST program (Altschul et al., 1990) and against the PFAM database using the hmmpfam program (Bateman et al., 2004) .
Results and discussion
Genes involved in the initiation step of translation Translation initiation involves a complex biological machinery (review in Hershey and Merrick, 2000) . Briefly, the cap structure of the mRNA interacts with the cap-binding protein eIF4E, which forms a stable ternary complex with eIF4A and eIF4G. eIF4A, is a DEAD family RNA helicase, thought to unwind secondary structures of the 5′ untranslated region of the mRNA. eIF4G is a scaffolding protein that interacts with eIF4E and eIF4A. eIF4G binds also to the poly(A)-binding protein, which interacts with the poly(A) tail, and this allows a closed loop conformation of the mRNA, thought to stabilize the interaction of the cap-binding complex and to facilitate recycling of ribosomes. A ternary complex comprising eIF2, GTP and initiator methionyl-tRNA, binds to the 40S ribosomal subunit to form the 43S complex together with other initiation factors. This complex is recruited to the mRNA via interaction of the multi-subunit eIF3 with eIF4G and scans the mRNA up to the start codon. Initiation codon recognition triggers eIF2-bound GTP hydrolysis, releasing of initiation factors and joining of the large ribosomal subunit. The ribosome is then ready for the elongation step. We identified in the sea urchin genome an ortholog of each translation factor as compared to the mammalian set, shown to be involved in the initiation step. Table 1 presents the translation factors and their role in each step of translation. Because in the sea urchin, the cap-binding protein eIF4E and its regulators have been implicated in the regulation of events following fertilization ), we will focus in this section on these actors.
eIF4E: three different family members in sea urchin
Recent genome-wide sequencing projects have shown the existence of several genes related to eIF4E in different organisms. Three eIF4E-family members have been described in mammals , eight isoforms in Drosophila melanogaster (Hernandez et al., 2005) and five different eIF4E in C. elegans (Keiper et al., 2000) , whereas only one eIF4E is present in Saccharomyces cerevisiae. The eIF4E-related proteins can be clustered in three families termed eIF4E1, eIF4E2 and eIF4E3. The structure of eIF4E1 proteins has been conserved through evolution: human and yeast eIF4E1 share 30% identity, and human eIF4E1 can rescue a yeast mutant. A C-terminus core domain of approximately 170 amino acids comprising 8 tryptophane residues is well conserved and is sufficient for cap recognition, binding to its inhibitor 4E-BP or to eIF4G and stimulation of cap-dependent translation (Marcotrigiano et al., 1997) . eIF4E1 is the general cap-binding protein, whereas the role of the related eIF4E proteins is not fully understood. eIF4E2 shares 28% identity with eIF4E1 and has been reported not to interact with eIF4G in vitro (Rom et al., 1998; Joshi et al., 2004) . RNAi knockout of C. elegans eIF4E2 (ife4) leads to pleiotropic effects and is correlated with a modification of the translation of a small subset (0.2%) of mRNA (Dinkova et al., 2005) . Drosophila eIF4E2 (d4EHP) maintains the caudal mRNA in a translational inactive state, by interaction with both the cap structure and the mRNA-bound Bicoid protein (Cho et al., 2005) . This suggests that eIF4E2 may be implicated in translation inhibition of specific mRNAs. Mouse eIF4E3 interacts with eIF4G, but not with 4E-BPs and is not ubiquitously expressed, suggesting that eIF4E3 could function as a tissue-specific translation factor .
We have found three representatives of eIF4E in the sea urchin genome (Sp-4E1 SPU_028477, Sp-4E2 SPU_016729, Sp-4E3 SPU_025634) with an identity of 61%, 67% and 55%, respectively, with their mouse counterparts. The three sea urchins eIF4E share 30% identity one with each others. The C-terminus core domain of approximately 170 amino acids is conserved among the sea urchin eIF4Es (Fig. 2) . The residues involved in cap structure recognition and in interaction with eIF4G and 4E-BP (Marcotrigiano et al., 1997 (Marcotrigiano et al., , 1999 ) are conserved in Sp-eIF4E1 (Fig. 2 , residues indicated by stars and dots), suggesting that this protein may fulfil the bona fide capbinding translation factor in sea urchin.
It has been suggested that eIF4E1 is present in all eukaryotes and eIF4E2 appears to be restricted to metazoans. eIF4E3 is well represented in chordates, is absent in Drosophila and nematodes and has been sporadically found in some other metazoans recently (Joshi et al., 2005) . A fuller picture of eIF4E3 representation will be possible as more genome projects are available. Recently, Joshi et al. (2005) suggested a classification of eIF4E proteins in three classes based on comparison of the residues located at positions equivalent to Trp43 and Trp56 in human eIF4E1 in more than 200 species. Class I eIF4E contains Trp residues at both positions (and corresponds to eIF4E1). Class II eIF4E, corresponding to eIF4E2, possesses a Tyr residue instead of Trp43 and a hydrophobic residue (Tyr, Phe or Leu) at position 56. Class III eIF4E, like eIF4E3, contains a Trp43 and a Cys/Tyr residue instead of Trp56. The sea urchin eIF4E3 is the first echinoderm sequence available and contains a Val residue instead of a Cys/Tyr substitution at position 56, in an otherwise well-conserved sequence towards class III eIF4E. Because cnidarian and mollusks eIF4E3 sequences follow the class III substitution rules (Joshi et al., 2005) , we asked whether the Val56 substitution was unique to S. purpuratus or was found in others species. Interestingly, a search in the NCBI EST databases lead to the retrieval of two echinoderms eIF4E3 sequences (sea urchin Paracentrotus lividus AM214046; starfish Asterina pectinifera DB388235) containing also a Valine at position 56 (Fig. 3A) , suggesting that this substitution has occurred early in the echinoderm lineage and may be functionally critical. Phylogenetic comparison of eIF4E Fig. 2 . Alignment of the core sequence of S. purpuratus (Sp) eIF4E isoforms with eIF4E proteins from M. musculus (Mm) and C. intestinalis (Ci). The core sequence corresponds to a ∼ 170 amino acids region between two histidine residues (His36-200 in mouse eIF4E1). Identical and conserved residues greater than 85% of the sequences are shadowed in black and grey, respectively. The residues involved in eIF4E interaction with 4E-BP and eIF4G are indicated by a star, residues involved in cap structure recognition are labeled with a dot and the location of the conserved consensus sequence (S/T)VxxFW is noted above the alignment (all accession numbers are listed Table S1 ). The Trp43 and Trp56 residues used in the classification are indicated by an arrow. All sequences are grouped within subfamilies and boxed. Sequence alignment of S. purpuratus, P. lividus and A. pectinifera eIF4E3 compared to other eIF4E proteins in the region containing Trp43 and Trp56 residues (as numbered in human eIF4E-1). (B) Clustering of S. purpuratus (Sp) eIF4E isoforms with eIF4E proteins from M. musculus (Mm), C. intestinalis (Ci), C. elegans (Ce) and S. cerevisiae (Sc) based on clustalW alignment (all accession numbers are listed Table S1 ). The three isoforms of S. purpuratus eIF4E (in bold) are distributed in each eIF4E class.
sequences from selected organisms suggests that eIF4E2 and eIF4E3 are closer to each other than to eIF4E1, and the three sea urchin proteins clustered within their respective subfamily ( Fig.  3B ), indicating that the diversity of cap-binding proteins is a more ancient characteristic than previously thought. mRNAs for the three sea urchin family members are expressed in the S. purpuratus embryo, as assessed by the tiling expression data which detect transcribed genomic regions (Samanta et al., 2006, this issue) and in the Sphaerechinus granularis egg and early embryo by RT-PCR analysis (our unpublished data). Because cap-dependent translation during fertilization is regulated by association of eIF4E with its partners, the role of each of the three eIF4E proteins and their respective interaction with eIF4G and 4E-BP now have to be investigated in the sea urchin.
eIF4G
eIF4G is a modular scaffolding protein that plays a pivotal role in the assembly of mRNA-bound translation initiation factor and small ribosomal subunit. Only one eIF4G gene was detected in the sea urchin genome. The last two-third parts of the encoded protein is 36% identical with human eIF4GI and eIF4GII, the highest identity is found within the conserved domains shown to be implicated in the interaction of eIF4G with its partners. In mammals, eIF4G contains two conserved binding sites for the eIF4A RNA helicase and for eIF3 (MIF4G and MA3) and a C-terminus domain shown to interact with Mnk1. These three domains are well conserved (55%, 52% and 60%, respectively) within S. purpuratus eIF4G (Fig. 4) . Although the overall identity with human eIF4Gs in the N terminal region is low, the eIF4E-binding site (YxxxxLΦ, where X is variable, and Φ is a hydrophobic residue) is conserved (Mader et al., 1995) .
Human eIF4Gs were shown to interact with the poly(A)-binding protein (PABP) through a motif spanning amino acids 132-160 in the N terminus end of the protein. Mutating two sets of residues, KRERK and DPNQ within this motif abrogates the PABP-binding activity of eIF4G (Imataka et al., 1998) . The N terminus end of sea urchin eIF4G contains a sequence that has a significant homology to the PABP-binding site (Fig. 4) . It has been speculated that D. melanogaster eIF4G was not able to bind PABP because of the lack of a conserved motif (Hernandez et al., 1998) . However, a putative PABP-binding motif in the fruit fly sequence (as well as in the C. elegans eIF4G) is highlighted here in comparison to the sea urchin motif (Fig. 4) . Because the sequence of the PABP-binding site in eIF4G is not conserved between yeast and human, and our analysis suggests that it is less conserved in protostomes, we asked whether it was present in a cnidarian genome, N. vectensis. Strikingly, a predicted eIF4G protein from N. vectensis contains a PABPbinding site similar to human and sea urchin motifs (Fig. 4) , suggesting that this interaction domain has emerged early in evolution.
The N-terminus region of S. purpuratus eIF4G is not conserved outside of the eIF4E-and PABP-binding sites. A strong homology (70% identity through the entire length) exists with a cDNA isolated from S. granularis eggs, Sg-eIF4G (AJ634049). In sea urchin eggs and embryos, Sg-eIF4G exhibits several isoforms that are post-translationally modified and associates to eIF4E following fertilization (unpublished data).
4E-BP
eIF4E-binding protein (4E-BP) is a small protein that inhibits cap-dependent translation by competing with eIF4G for a common binding site on eIF4E. Although three 4E-BP proteins (4E-BP1, 4E-BP2, 4E-BP3) exist in mammals, only one 4E-BP ortholog have been described in invertebrates (Bernal and Kimbrell, 2000; Cormier et al., 2001; Miron et al., 2001) . A notable exception is the nematode C. elegans, where no 4E-BP homolog could be detected in the genome although five members of the eIF4E family are present. 4E-BPs phosphorylation status regulates its interaction with eIF4E: underphosphorylated 4E-BPs binds to eIF4E and inhibit cap-dependent translation, whereas hyperphosphorylated forms do not (Pause et al., 1994) . In the sea urchin 4E-BP, degradation represents an additional level of control of this translational repressor. Following fertilization, 4E-BP is phosphorylated and rapidly degraded Salaun et al., 2003) . The release of eIF4E from its repressor is correlated with a rapid increase in protein synthesis and is required for the onset of the first mitotic division of embryonic development (Salaun et al., 2005) .
The Joshi/Jagus 4EBP database (http://umbicc3-215.umbi. umd.edu) shows 4E-BP sequences from protists, fungi and metazoa. In metazoa below urochordates only one form of 4E-BP is found per species. This database also gives sequences of EST encoding for 4E-BP from S. purpuratus and S. granularis. A search in the S. purpuratus genome reveals only one gene encoding for 4E-BP (SPU_005957). The predicted protein presents a core domain highly conserved (Fig. 5A) containing Fig. 4 . Schematic structure of Sp-eIF4G protein, showing interacting regions with other proteins. Alignment of potential PABP-binding sites in eIF4G of sea urchin S. purpuratus and S. granularis, human eIF4GI and eIF4GII, D. melanogaster, C. elegans and N. vectensis eIF4G is shown. The residues implicates in the eIF4G-PABP interaction as determined in Imataka et al. (1998) are noted under the alignment (accession numbers are listed Table S1 ). the eIF4E-binding motif (YxxxxLΦ) and the phosphorylation sites (Thr37, Thr46, Ser65 and Thr70, numbered according to Mus musculus 4E-BP1) involved in eIF4E-binding regulation . Furthermore, conservation of these sites in radial animals such as N. vectensis (Fig. 5A ) suggests a high level of selection for these regulatory sites and therefore of functional relevance. The consensus analysis from the alignment of 4E-BP from selected species suggests that 4E-BP gene duplication occurred recently in vertebrates (Fig. 5B) .
Translational regulators including eIF4E interacting proteins
As discussed above, eIF4E/eIF4G assembly is prevented by eIF4E-binding proteins (4E-BPs), which are translational repressors that compete with eIF4G for interaction with eIF4E. Whereas 4E-BP interference with cap-dependent translation has an effect on a large spectrum of mRNAs, translation of specific mRNAs can be regulated through the association of proteins (or complexes) interacting both with the eIF4E and the mRNA (see below). Furthermore, several eIF4E proteins exists within an organism with different properties in translation regulation (see below). Besides its role in translation, eIF4E has been implicated in the nuclear export of a specific subset of transcripts (Topisirovic et al., 2003) . Therefore, eIF4E is a major target for regulation of gene expression and plays an important role during embryogenesis of different organisms (Klein and Melton, 1994 The translation initiation factor 4E nuclear import factor (or 4E-T) is a nucleocytoplasmic shuttling protein that interacts with eIF4E both in the nucleus and in the cytoplasm, 4E-T mediates the import of eIF4E into the nucleus (Dostie et al., 2000) . In the cytoplasm, 4E-T co-localizes with eIF4E and with mRNA decapping factors in P-bodies, to repress translation and enhance mRNA degradation (Ferraiuolo et al., 2005) . A 4E-T homolog was indeed found in the sea urchin genome (SPU_024640) and contains the 4E-binding motif.
DEAD box RNA helicase p54/rck/DDX6, which is highly conserved through evolution, has been implicated in translation repression and mRNA decay. In Xenopus oocytes, p54 binds to CPEB (CPEB binds specific sequences in the 3′ untranslated region of mRNAs and mediates cytoplasmic polyadenylation, Hake and Richter, 1994; Stebbins-Boaz et al., 1996) on untranslated mRNAs and co-immunoprecipitates with eIF4E, although direct interaction is unclear (Minshall and Standart, 2004) . In addition, p54 interacts with eIF4E and eIF4E-T in vivo in mammalian P bodies, where untranslated mRNAs are localized and degraded, suggesting a central role of eIF4E in the transition from translation to decay in the mRNA life (Andrei et al., 2005) . p54/rck/DDX6 homolog in sea urchin (Sp-DDX6, SPU_023295) is 70% identical to its Xenopus and human counterpart and may fulfil similar roles.
Other proteins are known to interact with eIF4E in several species, and participate in the translational regulation of mRNAs involved in cell cycle and embryogenesis. In the sea Table S1 ).
urchin genome, these proteins were not found or do not display an eIF4E-binding site. In Drosophila, the protein Cup bridges eIF4E to RNA-binding proteins Smaug or Bruno to inhibit translation of nanos or oskar mRNAs, respectively (Nakamura et al., 2004; Nelson et al., 2004) . No Cup homolog was found in the sea urchin genome. In Xenopus oocytes, Maskin interacts with eIF4E and CPEB and maintains CPE-containing mRNAs in a translational inactive state (Stebbins-Boaz et al., 1999) . Maskin homologs in other species, the transforming acidic coil coil domain proteins (TACC), do not bind eIF4E. A TACC homolog was found in the sea urchin genome (SPU_011724) and does not contain an eIF4E-binding motif. In Drosophila, the homeodomain-containing protein Bicoid directly interacts with eIF4E2 to inhibit translation of caudal mRNA, which encodes a transcription factor implicated in posterior segmentation (Cho et al., 2005) . A Bicoid homolog in the sea urchin genome is homeodomain Sp-Hox11/13c protein (SPU_000388) that does not display the 4E-binding motif. Human Prh and Hoxa9 interact with eIF4E and regulate eIF4E-mediated mRNA transport, but for both the 4E-binding site is located in the N terminal region of the proteins (Topisirovic et al., 2003 (Topisirovic et al., , 2005 that is lacking in their respective sea urchin homologs, Sp-Hex (SPU_027215) and Sp-Hox9/10 (SPU_002633) (Cameron et al., 2006) . These regulations may be tissue or lineage specific and may not be conserved, as suggested by the sea urchin genome examination.
A common eIF4E-binding motif is used by a variety of proteins to interact with eIF4E, such as eIF4G and 4E-BP. The minimal eIF4E recognition motif was defined as YxxxxLΦ (where X is variable, and Φ is a hydrophobic residue). Most 4E-binding sites from eIF4G and 4E-BP homologs begin at a conserved basic residue three amino acids N-terminal to the invariant tyrosine. In order to screen the sea urchin genome for eIF4E partners, we carried out a search on the sea urchin genome for the presence of a motif defined as: (K/R) xxYxxxxLΦ (Mader et al., 1995) . This screening lead to the isolation of 970 unique GLEAN predictions (see Supplementary Table S3 ), that can be clustered into ∼ 350 groups depending on their PFAM motifs. Interestingly, the eIF4E-binding motif is conserved in ∼ 120 homologous human proteins, suggesting high evolutionary conservation of this domain. Among the proteins, we found the already described 4E-binding proteins known to interact physically with eIF4E (eIF4G, 4E-BP, 4E-T). We noticed a number of protein kinases bearing the eIF4E motif, which could participate in the signal transduction pathway regulating translation in response to various physiological conditions (Table 2) .
We also found an eIF4E-binding motif in five homeodomain proteins, including the Sp-pmar1b gene product (SPU_014722), involved in the early micromere specification pathway (Oliveri et al., 2002) . Although homeoproteins are considered to act primarily as transcription factors, recent data suggest that they can also affect gene expression at a post-transcriptional level through modulation of eIF4E activity (Topisirovic et al., 2003 (Topisirovic et al., , 2005 Cho et al., 2005) . In the sea urchin as well, a relationship between homeoproteins and eIF4E seems to be a possible gene expression regulatory mechanism. Although the physical interaction of potential candidates with eIF4E has yet to be demonstrated, the proteins identified in this screen could represent potential new regulators of cap-dependent translation and probably of non-translation-related functions of eIF4E. Whether the translational regulatory function and mechanism of the cap-dependent interfering proteins are conserved, and how they regulate developmental decisions in the sea urchin embryo is now a challenging question.
IRES-dependent translation
Although the majority of mRNAs are translated through capdependent initiation, an alternative cap-independent mechanism of translation has been uncovered. IRES (internal ribosome entry site) were initially discovered in virus (Pelletier and Sonenberg, 1988) , but in the past few years, a growing list of cellular mRNAs were shown to be translated via an IRESdependent translation. By polysome profiling analysis, 3% of the cellular mRNAs remain associated to polysomes during the general inhibition of cap-dependent translation. The mRNAs able to be translated in such conditions encodes for regulatory proteins implicated in cell growth, proliferation, differentiation or apoptosis (Stoneley and Willis, 2004; Komar and Hatzoglou, 2005) . Indeed gene expression needs to be tightly controlled during these processes and this suggests that IRES-dependent translation allows for selective translation of specific mRNAs when global translation is repressed.
The mechanism controlling IRES-mediated translation remains unclear. IRES activity resides in sequences usually located in the 5′ untranslated region of the mRNA and requires the binding of canonical translation factors (eIF3, eIF4A, eIF4G, etc.), as well as RNA-binding proteins such as DAP5, Unr (upstream of N-ras), PTB (polypyrimidine tract-binding protein), PCBPs (polyC-binding proteins) and hnRNPK (heterogeneous nuclear ribonucleoprotein K) (Stoneley and Willis, Table 2 Protein kinases containing an eIF4E-binding consensus motif in S. purpuratus and in human 2004). These RNA-binding proteins are termed ITAFs, for "IRES trans-acting factors". DAP5, a protein homologous to the C-terminal end of eIF4G, is implicated in the IRESdependent translation of several apoptosis related protein and in its own translation (Marash and Kimchi, 2005) . DAP5 associates to eIF4A and eIF3, but not to eIF4E, suggesting that it can sustain translation when cap-dependent translation is inhibited. Cellular IRES-dependent translation has been mostly demonstrated in mammalian cells, but examples of mRNAs translated via IRES exist in D. melanogaster (Ye et al., 1997; Hernandez et al., 2004) and may be widely used throughout evolution. Although the function of ITAFs is probably not restricted to IRES-dependent translation, it is interesting to find in the sea urchin genome homologs for DAP5 (SPU_028861), Unr (SPU_010430), PTB (SPU_000961), PCBPs (3 genes SPU_005686, _027712, _027713) and hnRNPK (SPU_008011). It is then a challenging perspective to address the question of alternative translation in the sea urchin embryo.
Genes involved in the elongation step of translation
The elongation phase of protein synthesis depends on the selection of an aminoacylated-tRNA (aa-tRNA) according to the sequence of codons of the mRNA and on the formation of a peptide bond between a growing peptide and the incoming amino acid. This ribosomal process is assisted by two elongation factors consisting of eEF1A and eEF2 that are Gproteins and one known exchange factor, eEF1B (Merrick and Nyborg, 2000 ; see Table 1 ). Both eEF1A and eEF2 ensure GTPdependent codon/anticodon recognition and translocation of the peptidyl-tRNA, respectively. Due to their essential role in the accuracy of translation, it is not surprising to find reasonable homology in the sequences and structures of the two G-protein elongation factors through evolution from prokaryotes to mammals (see Beane et al., this issue) . The S. purpuratus genome contains a unique SpEF1A gene (SPU_000595), which encodes for a protein that has 77.8% identity with human eEF1A1 (NP_001393.1) and 77.2% with human eEF1A2 (NP_001949.1). The SpEF2 gene (SPU_010829) encodes for a protein that shares 75.1% identity with human eEF2 (NP_001952.1).
Regulation by eEF1B
Whereas no guanine nucleotide exchange factor is known for eEF2, eEF1A requires a factor to enhance the off-rate of GDP after GTP hydrolysis. The macromolecular factor eEF1B which serves this function in eukaryotes, increases in complexity through evolution (review in Le Sourd et al., 2006a) . In fungi, eEF1B complex is made of two subunits, eEF1Balpha that possesses the nucleotide exchange activity and eEF1Bgamma that is assumed to be an anchorage protein. In plants, eEF1B comprises three subunits, the anchoring protein eEF1Bgamma in association with two nucleotide exchange proteins, eEF1-Balpha and eEF1Bbeta. In the metazoans eEF1B complex, the anchoring protein eEF1Bgamma is also associated with two guanine nucleotide exchange factors, eEF1Balpha which is homologous to the plant eEF1Balpha and eEF1Bdelta, which clearly differs from the plant eEF1Bbeta. The alpha, beta and delta subunits of eEF1B display a high homology in their C-terminus region, where the nucleotide exchange activity is, whereas only eEF1Bdelta contains a leucine zipper domain in its N-terminus (Guerrucci et al., 1999) . Furthermore, one aminoacyl-tRNA synthetase, the Valyl-tRNA synthetase (VARS), was shown to be anchored to eEF1B in artemia and mammals (Bec et al., 1994; Brandsma et al., 1995) . The sophisticated supramolecular structure of the eEF1B complex containing many phosphorylation sites, makes it a potential regulator of the elongation step (Le Sourd et al., 2006a) . The complete sea urchin genome will give insights in the complexity of metazoan eEF1B structure and motifs of functional relevance.
Existence of two alternatively spliced cellular subsets of eEF1B complexes in sea urchin
Each subunit of the eEF1B complex appears to be encoded by a unique gene in the sea urchin genome. The sequences of the proteins encoded by the eEF1Balpha and the eEF1Bgamma genes (respectively SPU_015867 and SPU_002587) matched with the sequences deduced from the cDNAs that we recently obtained for each subunit (respectively AJ973180 and AJ973179). Annotation of the S. purpuratus genome leads to the characterization of a unique gene that encodes for the eEF1Bdelta protein (SPU_000960, Fig. 6 ). Studies on eEF1B in S. granularis demonstrated the presence of two eEF1Bdelta isoforms in the same eEF1B complex when purified from the embryos (Boulben et al., 2003) . eEF1Bdelta1 (Y14235; Delalande et al., 1998) and eEF1Bdelta2 (AJ97318; Le Sourd et al., 2006b ) cDNA encoded proteins are identical except for a 26 amino acids insert, which is present in the N-terminal domain of the eEF1Bdelta2 protein upstream of the leucine zipper motif. Remarkably, exon 2 from the S. purpuratus eEF1Bdelta gene encodes for a peptide matching exactly the 26 amino acids insert present in the S. granularis eEF1Bdelta2 isoform, thus alternative splicing of the transcript from the unique eEF1delta gene leads to the production of the two protein eEF1Belta isoforms (Fig. 6) . Moreover, searches in the databank using NCBI resources revealed that the feature found in the sea urchin genome is of general significance in all metazoans from cnidarians to mammals, i.e., presence of one eEF1Bdelta gene leading by alternative splicing to two mRNA isoforms encoding for two proteins, eEF1Bdelta1 and eEF1B-delta2 (Le Sourd et al., 2006a) . Two eEF1Bdelta proteins were co-expressed in sea urchin cleavage stage embryo and were found associated in two subsets of eEF1B complexes: one containing eEF1Bdelta1 and eEF1Bdelta2 in a 1:1 ratio, and the other containing only eEF1Bdelta1 (Le Sourd et al., 2006b ). This structural organization of eEF1B complexes may be universal through evolution and therefore of functional relevance.
CDK1/cyclin B phosphorylation motif in eEF1B subunits
A potential translational regulatory role has been attributed to the eEF1B complex from its characterization as a CDK1/ cyclin B physiological substrate in a number of vertebrates.
Indeed, the eEF1Bgamma proteins from most deuterostomes contain a CDK1/cyclin B phosphorylation motif (review in Le Sourd et al., 2006a) . Surprisingly, the sea urchin eEF1B gamma homolog does not. Conversely, the sea urchin eEF1Balpha was found to contain a CDK1/cyclin B phosphorylation motif whereas eEF1Balpha subunits from other deuterostomes do not. Analysis of all the known metazoan eEF1B sequences in the databases verified that most of the species in which no phosphorylation motif exists in the eEF1Bgamma sequence does contain this motif in the eEF1Balpha sequence. This is the case in a number of arthropods (D. melanogaster, Bombyx mauri, Callinectes sapidus) and in several nematodes (e.g., Globodera rostochiensis) (review in Le Sourd et al., 2006a) . Because in all eukaryotes eEF1Balpha and eEF1Bgamma proteins are always found in association, the feature discovered in sea urchin that the eEF1B complex is phosphorylated by CDK1/cyclin B on one of its subunits depending on the species, appears universal and is suggestive of a conserved function through the eukaryotic kingdom.
Echinoderm eEF1B, a primitive form of complex devoid of Valyl-tRNA synthetase?
In vertebrates, Valyl-tRNA synthetase (VARS) is the only cellular aminoacyl-tRNA synthetase to be found associated within a macromolecular complex with eEF1B (Bec et al., 1994) . Although the functional relevance of the association of VARS in eEF1B is not known, its universality in vertebrates suggests evolution constraints for maintaining this unique aminoacyl-tRNA in eEF1B. VARS is thought to be associated in eEF1B by interaction with the eEF1Bdelta subunit, through an extension of its N-terminal domain that is not present in VARS from fungi (Bec et al., 1994) . The emergence of eEF1Bdelta appears in early metazoans (review in Le Sourd et al., 2006a) from gene duplication of an eEF1Balpha ancestor (Guerrucci et al., 1999) . The sea urchin complete genome contains the eEF1Bdelta gene (see above) and does contain two genes (SPU_008058 and SPU_002908) encoding for two related (47% identity) proteins that share, respectively, 48% and 59% identity with human VARS2. However, the putative eEF1Bdelta anchoring N-terminal extension domain present in the vertebrates VARS2 was not found in the sea urchin sequences, neither in the two identified isoforms VARS isoforms, nor in the full genome assembly. Thus, sea urchin eEF1B would appear to be a model during evolution in which eEF1Bdelta is already present in the guanine nucleotide exchange complex whereas VARS anchoring is not yet realized.
Genes implicated in termination
Translation termination in eukaryotes is governed by two interacting factors, eRF1 and eRF3. eRF1 recognizes the stop codon in the A site of the ribosome and induces peptidyl-tRNA hydrolysis (Inge-Vechtomov et al., 2003) . Sp-eRF1 (SPU_023948) shows a strong sequence identity with human and D. melanogaster eRF1 (83%) for all the three domains of eRF1 (Fig. 7) : the N domain that participates in stop codon recognition, the M domain implicated in peptidyl transferase hydrolytic activity, the C domain necessary for phosphatase 2A and eRF3 binding. eRF3 is a GTPase, which enhances the termination efficiency by stimulating the eRF1 activity in a GTP-dependent manner. eRF3 possesses a conserved C-terminal region that has a significant homology with eEF1A whereas the N-terminal domain of eRF3 proteins diverges. In yeast, the N terminal end of eRF3 (Sup35) bears a prion forming domain (IngeVechtomov et al., 2003). In mammals, two genes encode for eRF3 proteins, GSPT1 and GSPT2 that differ in their Nterminal domains (Hoshino et al., 1998) , which have no homology with yeast N-domain. Sp-eRF3 (SPU_003213) shows 68% and 49% identity in its C-terminal domain with human GSPT1 and yeast eRF3, respectively.
The translation termination complex is formed by additional proteins that interact with eRF1 or eRF3 (Fig. 7) . eRF3 binds to the poly(A)-binding protein (PABP), an RNA-binding protein that plays a role in stabilization of mRNAs and promotes translation initiation (Mangus et al., 2003; Kahvejian et al., 2005) . eRF3-PABP interaction enhances the efficiency of termination and mediates the coupling of termination and initiation of protein synthesis (Cosson et al., 2002a; Uchida et al., 2002) . In vertebrates, two genes code for PABPC1 and PABPC2 (also called ePABP). PABPC2 is the major poly(A)-binding protein expressed during early development in mouse and Xenopus embryos (Cosson et al., 2002b; Seli et al., 2005) . The sea urchin genome contains only one cytoplasmic PABP (SPU_015317), a common property of many invertebrates sequenced so far. In addition, translation regulation at the level of cytoplasmic polyadenylation is a well-documented mechanism in fly and Xenopus embryos (Groisman et al., 2002; Juge et al., 2002; Castagnetti and Ephrussi, 2003; Barnard et al., 2004) and starts to be uncovered in somatic cells (review in Le Breton et al., 2005) . The sea urchin contains genes involved in cytoplasmic polyadenylation such as CPEB, Symplekin, CPSF (see Juliano et al., this issue; and Kelkar et al., unpublished results) . Moreover, fertilization of sea urchin eggs is associated with an increased polyadenylation of mRNAs (Wilt, 1977) .
UPF (up-frameshift protein) factors bind to eRF1 and eRF3. UPF are essential for NMD (nonsense-mediated decay), a phenomenon that provokes the rapid decay of prematuretermination (nonsense) codons containing mRNAs (Culbertson and Neeno-Eckwall, 2005) . Nonsense codons arise as a result of mutations or RNA splicing errors. NMD is a surveillance mechanism that detects and degrades nonsense codons bearing mRNAs that encode truncated proteins. In yeast, UPF proteins also stimulate the efficiency of translation termination (Maderazo et al., 2000) . Upf1p interacts with both eRF1 and eRF3, whereas Upf2p and Upf3p interact only with eRF3. In mammalian cells, depletion of UPF1 and UPF2 by RNA interference (RNAi) has no measurable effect on nonsense suppression (Mendell et al., 2002) . Sp-UPF1, Sp-UPF2 and Sp-UPF3 have been found in the sea urchin genome (respectively SPU_008215, SPU_017515, SPU_000502). Whether NMD factors are involved in the increase of translation termination efficiency in sea urchin remains to be determined.
In yeast, Dom34 and Hbs1, two proteins similar to the translation termination factors eRF1 and eRF3, respectively, are involved in the stop codon independent release of stalled ribosomes and trigger endonucleolytic cleavage of the mRNA (Doma and Parker, 2006) . Dom34 (also called Pelota) is evolutionarily conserved and functions in meiotic and mitotic progression, probably through translation regulation (Adham et al., 2003; Xi et al., 2005) . Sp-Pelota (SPU_009044) and Sp-HBS1 (SPU_020816) were found in the sea urchin genome. The conservation of the surveillance mechanism during elongation described in yeast remained to be determined.
Signaling pathways in translation control
The activities of several translation factors are regulated through phosphorylation/dephosphorylation, and the kinases involved are under the control of signal transduction pathways (Fig. 8) . The PI3K and FRAP/mTOR pathways target the phosphorylation of 4E-BP and its affinity to eIF4E (Raught et al., 2000) . In addition, FRAP/mTOR affects phosphorylation status of eIF4G, which is speculated to induce conformational changes of the protein necessary for full activity (Raught et al., 2000) . Through its activation of ribosomal S6 kinase, the mTOR pathway leads to phosphorylation of ribosomal protein S6 and helicase eIF4B (Tee and Blenis, 2005) . The MAPK pathway activates Mnk1 which binds to eIF4G and phosphorylates eIF4E (Pyronnet et al., 1999) . Initiation is also regulated by phosphorylation of eIF2 by eIF2 kinases. Phosphorylation of the alpha subunit of eIF2 at a conserved serine (Ser-51 in mammals) is a widely used mechanism of translational control in many organisms (Fig. 8) . Phosphorylated eIF2alpha has an increased affinity to its guanine nucleotide exchange factor eIF2B, leading to the sequestering of eIF2B as an inactive complex with eIF2 and GDP. Translation is then inhibited because of the decreased overall rate of guanine nucleotide exchange on the remaining unphosphorylated eIF2. A family of eIF2 kinases has been identified, sharing sequences and Fig. 8 . Signaling pathways affecting the translation apparatus. The sea urchin genes orthologs of the kinases phosphorylating translation factors eIF2, eIF4E, eIF4G, eIF4B, eEF2 and ribosomal protein S6 are listed Table 3 . structural features in their catalytic domains, but with unique flanking regulatory regions allowing for distinct control pattern, in response to different stresses. In mammals, four kinases have been identified: GCN2 activated upon amino acid starvation, pancreatic eIF2alpha kinase (PERK) which inhibits protein synthesis in response to endogenous endoplasmic reticulum stress, heme regulated kinase (HRI) which couples translation to heme deprivation and oxidative stress and double-stranded RNA protein kinase (PKR) involved in antiviral pathways.
Sea urchin eIF2alpha (SPU_003646) possesses the conserved residue equivalent to the Ser-51, suggesting a possible control of translation at this level. We identified three eIF2 kinases in the sea urchin genome: Sp-GCN2 (SPU_004272), Sp-HRI (SPU_009270) and Sp-PERK (SPU_026724) . No PKR homolog is found in the genome. PKR and HRI were previously thought to be restricted to mammals because GCN2 and PERK are the only eIF2 kinases present in D. melanogaster and C. elegans genomes; however, the recent discovery of HRI-related kinases in lower eukaryotes (Zhan et al., 2002) suggested a loss of this enzyme during evolution. The finding of HRI in the sea urchin genome, along with GCN2 and PERK, reinforces the early divergence of eIF2 kinases.
In mammals, translational regulation can occur through eEF2 phosphorylation by the highly substrate-specific calcium calmodulin-dependent eEF2 kinase (review in Browne and Proud, 2002) . As a result of eEF2 phosphorylation on a Thr residue (Thr56 in human eEF2, conserved in the sea urchin homolog), the peptide chain elongation is inhibited. The elongation process is targeted via the eEF2 kinase by various signaling pathways (Browne and Proud, 2002) . The PIP3 signaling pathway increases intracellular Ca2+ levels and activates the calmodulin-regulated eEF2 kinase. The cAMP signaling pathway through activation of PKA, phosphorylates and activates eEF2kinase. Finally, AMP-activated kinase was shown to activate eEF2 kinase, although the molecular mechanism involved in this case is not clear (review in Browne and Proud, 2002) . Conversely, the FRAP/mTOR pathway via S6kinase, the MAP kinase pathway via p90rsk1 kinase and the stress kinase activated pathway via the p38 SAPK have been implicated in the regulation of elongation by phosphorylating eEF2 kinase on several inhibitory sites (review in Proud, 2004) . Because the inhibition of eEF2 kinase leads to activation of eEF2 and therefore increases the elongation rate, an analysis of this regulation in sea urchin is interesting in the context of protein synthesis regulation during the early development. The S. purpuratus genome contains one eEF2 kinase gene (SPU_011641) sharing 45% identity with the human eEF2 kinase. Both the site of calmodulin binding (Trp85 as numbered in the human sequence) and the residue target for PKA phosphorylation (Ser500) are conserved in the sea urchin eEF2 kinase sequence. Other regulatory residues remain unknown, as not all the mammalians target sites are conserved. No eEF2 kinase homolog was found in the S. cerevisiae or D. melanogaster genomes, although it exists in C. elegans. It is therefore of importance to test the function of the sea urchin eEF2 kinase homolog to unreveal the evolutionary origin of eEF2 regulation by phosphorylation.
Protein synthesis in sea urchin eggs is stimulated upon fertilization, translational control is exerted through multifactorial mechanisms, including mRNA recruitment into polysomes and increased rates of translation initiation and elongation (Brandis and Raff, 1979; Hille and Albers, 1979) . The stimulation in the rate of protein synthesis in sea urchin egg extracts is observed by the addition of exogenous eIF2, eIF2B or eIF4 (Colin et al., 1987; Huang et al., 1987; Dholakia et al., 1990; Akkaraju et al., 1991) , suggesting that their activities must rise after fertilization. The sea urchin orthologs of the kinases affecting the activity of the translational apparatus are found in the sea urchin genome (Table 3 ) and the signal transduction pathways involving cascades of kinases are mostly conserved (Bradham et al, this issue) . The PI3K pathway in sea urchin is involved in the fertilization process and is specially important in regulating translation at this step. Following fertilization of the sea urchin egg, 4E-BP is phosphorylated and rapidly degraded in a rapamycin sensitive FRAP/mTOR pathway, this degradation coincides with dissociation of 4E-BP from eIF4E Salaun et al., 2003) . Furthermore, conservation of the phosphorylatable residues in Sp-4E-BP (Fig. 5A ) reinforces the hypothesis that this regulatory pathway is conserved. The recycling of eIF2 is also an important regulatory step of protein synthesis upon fertilization (Dholakia et al., 1990; Akkaraju et al., 1991) , and genomic data obtained from this analysis are interesting to analyze the signaling pathways linking fertilization to eIF2 activity regulation. Uncovering the actors of the signaling pathways will help apprehend better the regulatory events of translation.
Translational control implication in cancer and diseases
Translational control has been shown to be crucial in the regulation of gene expression and plays a primary role in cell- Hershey and Miyamoto, 2000; Ejiri, 2002) . Cell proliferation is associated with enhanced rates of protein synthesis which increase in response to treatment with cytokines, growth factors, hormones and mitogens Ruggero and Sonenberg, 2005) . Oncogenic activity of translation factors was first suggested by the finding that eIF4E overexpression leads to the transformation of NIH-3T3 fibroblasts (Lazaris-Karatzas et al., 1990) . Malignant transformation as a result of eIF4E overexpression may be explained by a specific effect on a subset of mRNAs containing long and structured 5′ UTRs, encoding proteins involved in cell growth and proliferation (e.g., growth factors and their receptors, signaling polypeptide, transcription factors and cyclins). Levels of the translation repressor 4E-BP protein increase rapidly in breast cancer lines and lymphoma when treated with TRAIL (Morley et al., 2005) . Hypoxia, which impacts on malignant tumor progression, is associated with increased levels of 4E-BP in sea urchin embryos (Le Bouffant et al., 2006) . The rapid degradation of 4E-BP following fertilization of sea urchin eggs ) provides an exquisite model system to analyze the post-translational turnover regulation of 4E-BP. Recently, mutations in genes of the translational control machinery have been linked to several human diseases, highlighting the significance of this regulatory mechanism. Mutations in any of the five subunits of eIF2B are linked to the inherited brain disease, leukoencephalopathy with vanishing white matter (VWM), and mutations in three subunits are implicated in ovarioleukodystrophy (Abbott and Proud, 2004) . Mutation in the EIF2AK3 gene, encoding for the endoplasmic reticulum eIF2alpha kinase (PERK), has been linked to the Wolcot-Rallison syndrome (Delepine et al., 2000) . Deletion of WBSCR1 gene, which encodes for eIF4H, a novel initiation factor related to eIF4B, is associated to WilliamsBeuren syndrome (Osborne et al., 1996; Richter-Cook et al., 1998) . Misregulating the activity of translational control proteins may also have dramatic effects on human health. Felty syndrome and systemic lupus erythematosus are associated to high titer of antibodies directed against eEF1A1 and eEF2 kinase, respectively (Ditzel et al., 2000; Arora et al., 2002) . In Alzheimer disease, the levels of phosphorylated forms of mTOR, 4E-BP and eEF2 kinase proteins were significantly increased, and total eEF2 significantly decreased, possibly leading to an up-regulation of the Tau mRNA translation (Li et al., 2005) .
Translational control genes implicated in these human diseases possess an ortholog in the sea urchin genome, usually with minimal redundancy (see Tables 1 and 3) . These translation-factor proteins are highly conserved throughout evolution. Therefore, sea urchin eggs and embryos offer a system in which to study the regulation of translation with a molecular, biochemical and developmental perspective and data obtained in this model system will give insights on the regulatory mechanisms of translation.
